Adults of the nodding thistle receptacle weevil, Rhinocyllus conicus (Froehlich) (Coleoptera: Curculionoidae), oviposit on developing thistle flower buds. Larval feeding on the receptacle prevents seed development. The weevil is known to attack several thistle species, but has clear preference for nodding thistle, Carduus nutans L. The effects of plant characteristics on oviposition preference and/or the size of emerging adult weevils were examined on winged and slender-winged thistles (Carduus tenuiflorus Curtis and C. pycnocephalus L., respectively). The results indicate that larger, higher seed heads on larger plants are preferred for oviposition. Larger seed heads supported the development of larger adults. This paper is part of a study looking at ecological aspects of non-target effects of thistle biological control in New Zealand. Nodding thistle flowers over an extended period of time but the two winged thistle species offer additional oviposition opportunities three to four weeks before nodding thistle flowers. The adults emerging from the winged thistle species are likely to establish a second generation, enabling this normally univoltine weevil to sustain seasonally prolonged attack on nodding thistle. Thus, proximity in space, combined with separation in time of closely related weed species, potentially enhances the performance of the oligophagous R. conicus as a biocontrol agent of all three thistle species.
Introduction
Rhinocyllus conicus (Froehlich) (Coleoptera: Curculionoidae), nodding (musk) thistle receptacle weevil, is known to attack different thistle species but displays a clear preference for nodding thistle, Carduus nutans L. (Zwölfer and Harris, 1984) . Eggs are laid on the developing flower buds, and the larvae burrow their way into the receptacle, where their feeding prevents seed formation (Zwölfer and Harris, 1984) . The weevil, introduced to New Zealand in 1972 (Jessep, 1989) , was the first agent deployed here for nodding thistle biological control.
In New Zealand, there are no native plants in the tribe Carduae, and the only crop plant belonging to the tribe, globe artichoke, is of minor economic importance (Paynter et al., 2004) . Thus, any thistle here -if not a weed already -could potentially become one in the future; and any impact a biological control agent such as R. conicus may have on any thistle here is, therefore, desirable.
We hypothesized that since R. conicus is highly attracted to C. nutans and is not likely to leave patches of C. nutans, then less preferred (non-target) thistle species are more likely to be attacked by the weevil in patches they share with C. nutans, than in patches from which C. nutans is absent. We selected two species that are closely related to C. nutans as non-target species; they were Carduus tenuiflorus Curtis and C. pycnocephalus L., and we tested the level to which they were attacked by R. conicus when C. nutans was present in close proximity, versus when it was absent. We also examined what plant characteristics may affect R. conicus oviposition rate among these species, in an attempt to separate this effect from that of C. nutans proximity.
Materials and methods
Carduus pycnocephalus, C. tenuiflorus, and C. nutans plants were grown in the University of Canterbury glasshouses from seeds collected in summer 2005 around Canterbury. In late autumn 2005 they were transplanted as small rosettes to the experimental site at the Landcare Research Lincoln campus.
At the experimental site, non-target species rosettes were organized into plots, each containing five C. tenui florus plants, five C. pycnocephalus plants and five Cir sium vulgare plants (not discussed further) in a three x five randomised arrangement, with 0.2 m between plants and 3 m between plots, for a total of 24 plots. Plots were grouped in blocks of four plots each, with at least 5 metres between blocks. Two plots in each block were randomly assigned a 'C. nutans present' treatment, and in these, ten C. nutans rosettes were planted 0.2 m apart, in two rows, 0.4 m away from the non-target plants. The experiment was designed with six blocks (replicates), with four treatments per block (C. nutans present/absent and cage present/absent, to control for weevil density), but the cage treatment was effectively cancelled due to difficulty obtaining sufficient weevils early enough in the season, when the non-target plants were already bolting. Weevils populated the experiment independently from the surrounding environment, and thus, R. conicus densities were not controlled.
The longest leaf of each rosette was measured at bolting, and plant height, number of clusters, their position, and number of capitula, were recorded fortnightly. From each plot, one plant of each non-target species was randomly selected, from which all the ripe capitula were collected fortnightly and placed individually into paper bags. The height and number of capitula in the cluster were recorded for these individually collected capitula. The receptacle diameter was measured for each capitulum and any sign of attack by R. conicus was recorded. For each non-target species, the difference in R. conicus attack signs per capitulum (log transformed) were compared between treatments (C. nutans present vs. absent) in mixed models with Poisson distribution using R (R Development Core Team, 2006) ; all different plant and capitulum variables were included in the models as covariates, and non-significant variables were excluded in backwards selection using the Chisquared test to compare between models.
Emerging R. conicus adults were sexed and elytra length was measured. The length was then compared between sexes and between thistle species using an F test (which included a comparison to adults that emerged from early C. nutans capitula in the experiment).
Results and discussion
Rhinocyllus conicus attack (number of attack signs per capitulum) on the non-target species did not differ between plots with and without C. nutans (Table 1) . C. pycnocephalus was attacked more than C. tenuiflorus (Table 1) .
On both C. tenuiflorus and C. pycnocephalus, R. conicus preferred larger capitula on larger plants for oviposition, and attack on these species was stronger early in the spring, decreasing towards summer (equations A c.t and A c.p below).
The equations describing the effects of the measured covariates on R. conicus attack (number of signs per capitulum) for C. tenuiflorus (A c.t ) and C. pycnocepha lus (A c.p where 'day' is day of the year on which the capitulum was collected, 'c. height' is height of the individual capitulum (mm), 'p. height' is maximum height of the plant at the time of collection (mm), 'diameter' is external diameter of the individual capitulum (mm), 'cl. size' is cluster size (number of capitula in the cluster from which the individual capitulum was collected), 'cap' is total number of capitula on the plant, 'tertiary' is for a capitulum collected from a tertiary cluster, and 'secondary' is for a capitulum collected from a secondary cluster. Similar response of R. conicus to plant and capitulum size was found on C. nutans (Sheppard et al., 1994; Groenteman et al., 2007 ; but see McNeill and Fletcher, 2005) .
In New Zealand, R. conicus adults emerge from overwintering around November (spring), when C. tenuiflorus and C. pycnocephalus are bolting, but three to four weeks before the first C. nutans capitula are formed (Jessep, 1989) . In those mid-spring weeks, R. conicus attack on the non-targets peaked at 35.7 ± 1.3% of capitula being attacked. Interestingly, even when C. nutans became available, oviposition on the nontargets did not cease completely, and 3.4 ± 0.8% of the Factors affecting oviposition preference in the weevil Rhinocyllus conicus on non-target Carduus spp. in New Zealand capitula still were attacked. In contrast, 100% of early C. nutans capitula were attacked. Carduus tenuiflorus and C. pycnocephalus capitula are considerably smaller than C. nutans capitula (diameters 5.66 ± 0.018 mm, 7.23 ± 0.019 mm, and 19.73 ± 0.098 mm, respectively), and they received up to 4 and 6 eggs per capitulum, respectively (with means of 0.17 ± 0.007 and 0.25 ± 0.009 for C. tenuiflorus and C. pycnocephalus, respectively). In Southern California, a biotype of R. conicus specialized on C. pycnocephalus was reported to make up to 17 (mean 1.7) penetration holes per capitulum on that plant (Goeden and Ricker, 1985) . Early C. nu tans capitula are known to receive many dozens of eggs each (Jessep, 1989; Woodburn, 1996) . In accordance with oviposition levels and capitulum size, C. tenuiflorus and C. pycnocephalus were usually found to support no more than one adult per capitulum (occasionally two, and rarely three, adults per capitulum), which is comparable to the C. pycnocephalus specialized biotype (with mean 0.9 adults per capitulum; Goeden and Ricker, 1985) , whereas C. nutans capitula can support the successful development of dozens of adults (R. Groenteman, personal observations). Capitulum size appeared also to affect the size of adults, with C. tenuiflorus producing the smallest adults, followed by C. pycnocephalus, and C. nutans with the largest individuals (elytra length 3.13 ± 0.05 mm, 3.21 ± 0.04 mm, and 3.49 ± 0.02 mm respectively, F 2,1058 = 38.63, P < 0.0001). Although in this experiment the non-targets C. ten uiflorus and C. pycnocephalus did not appear to be attacked more in the presence of C. nutans, this was probably due to the spatial scale of the experiment which, considering the distance flown by the weevils to reach the site, was negligible. Therefore, the plots could not be truly considered far enough apart to create 'C. nutans-present and C. nutans-absent' treatments. Legal constraints regarding C. nutans propagation prevent any large scale manipulative experimentation on the species in New Zealand. Rhinocyllus conicus has not been considered a long distance disperser, mainly due to lack of knowledge (Sezen, 2007) , and hence this was not considered a problem at the time the experiment was designed.
A field survey on a larger scale has revealed that non-targets are attacked by R. conicus more in the presence of C. nutans than in its absence (R. Groenteman, unpublished data). Furthermore, at times closer to the introduction of the weevil to New Zealand, C. tenui florus and C. pycnocephalus were commonly growing close to C. nutans (Jessep, 1989) . Currently, a population of C. nutans in sympatry with either C. tenuiflorus or C. pycnocephalus is hard to find (R. Groenteman, personal observation). It may be that the biological control agent has, in the many years since its introduction, successfully reduced populations of the non-targets where they were adjacent to C. nutans. The non-targets are still abundant in New Zealand; only, not so in proximity to C. nutans.
To conclude, although we were unable to show that the non-target species were attacked more in the presence of the target species, we have found that R. conicus effectively detects patches of the non-target species, and perhaps does not leave them quickly if C. nutans is in close proximity. Thus, the separation in time combined with the proximity in space is possibly improving biocontrol for all of these species: The nontargets are attacked by the less-likely-to-leave weevils early in the season, thus producing a second generation of R. conicus. This second generation attacks C. nutans later in the season, after the first generation has already completed its life cycle, and when C. nutans is in its peak flowering in New Zealand.
